Drukteinis S, Peciuliene V, Dummer PMH, Hupp J. Aim To evaluate and compare the canal shaping ability of BioRace, ProTaper NEXT and Genius engine-driven nickel-titanium (NiTi) file systems in extracted mandibular first molars using micro-computed tomography (MCT). Methodology Sixty mesial root canals of mandibular first molars were randomly divided into three equal groups, according to the instrument system used for root canal preparation (n = 20): BioRace (BR), ProTaper NEXT (PTN) or Genius (GN). Root canals were prepared to the full WL using a crown-down technique up to size 35, .04 taper instruments for BR and GN groups and size 30, .07 taper instruments for the PTN group. MCT was used to scan the specimens before and after canal instrumentation. Changes in dentine volume, the percentage of uninstrumented canal surface and degree of canal transportation were evaluated in the coronal, middle and apical thirds of canals. Data were analysed statistically using one-way analysis of variance and Tuckey's post hoc tests with the significance level set at 5%. Results There were no significant differences between the three groups in the terms of dentine removed after preparation and determination of the root canal volume, or percentage of uninstrumented canal surface (P > 0.05). No significant differences were found between the systems for canal transportation in any canal third (P > 0.05). Conclusions The shaping ability of the BR, PTN and GN NiTi file systems was equally effective. All instrumentation systems prepared curved root canal systems with no evidence of undesirable changes in 3D parameters or significant shaping errors.
Introduction
Root canal instrumentation is one of the most important factors affecting the outcome of root canal treatment (Loizides et al. 2007) . Ideally, the canal should be enlarged and debrided whilst maintaining the original configuration (Gonzalez-Rodrıguez & Ferrer-Luque 2004) . Overinstrumentation and transportation of canals increase the risk of perforations, blockages and ledge formation whilst also risking weakening the root (Peters 2004) . Furthermore, canal filling may be complicated when procedural errors occur, resulting in voids (Peters 2004) . Indeed, inadequate technical quality of root canal treatment procedures is more likely to result in persistent apical periodontitis .
Manufacturers are constantly producing new instruments or modifying existing systems in an attempt to simplify canal preparation and prevent the creation of procedural errors. Indeed, they have undergone a continuous evolution in terms of the alloy as well as the design of cutting blades, tapers, helical angles, numbers of flutes, cross-sectional shapes and tip designs . Differences in these parameters impact on the mechanical properties, cutting efficiency and shaping ability of the instruments (Gonzalez-Rodrıguez & Ferrer-Luque 2004) .
The BioRace system (BR; FKG, La Chaux-de-Fonds, Switzerland) consists of six rotary instruments that are manufactured from a conventional austenite NiTi. They have an electropolished surface, a noncutting tip and triangular cross section with alternating cutting edges (Freire et al. 2011) . Varying diameters and tapers of these instruments have been reported to reduce the contact area with canal walls, thereby minimizing torsional stress and providing the ability to safely reach the WL , Freire et al. 2011 .
ProTaper NEXT (PTN; Dentsply Sirona, Ballaigues, Switzerland) is a rotary system made from M-Wire alloy and has an offset mass of rotation (Zhao et al. 2014) . The system includes five shaping instruments, which are all characterized by off-centred rectangular cross sections that have been claimed to give the files a snakelike swaggering movement (Elnaghy & Elsaka 2014) . This design feature may have an impact on the threading effect associated with rotary systems, intraoperative torque values and the cleaning and shaping ability of the instruments (B€ urklein et al. 2015) .
The recently developed Genius system (GN; Ultradent Products Inc, South Jordan, UT, USA) is a hybrid asymmetric reciprocation-rotary endodontic system that consists of an Orifice shaper and five shaping files. Instruments are made of conventional austenite NiTi alloy and have S-shaped cross sections, enhanced flutes and a safe, noncutting tip with an antiblocking 'pencil point' shape (Ultradent 2017) . According to the manufacturer, GN files are compatible with both reciprocating and rotating movements. During root canal preparation, instruments are used in an asymmetric reciprocation movement to full working length and at the end of instrumentation are switched to a rotation mode to remove accumulated debris (Ultradent 2017) .
The use of a series of NiTi instruments in continuous rotational movement has been shown to be an effective method of achieving optimal root canal shaping with less straightening, better-centred preparations of curved canals and less risk of extruding debris into periapical tissues (Berutti et al. 2012 , B€ urklein & Sch€ afer 2012 . The reciprocating motion has been shown to decrease the impact of cyclic fatigue but is less efficient in debris removal compared with rotational motion (De-Deus et al. 2010 , You et al. 2010 . However, few studies have been performed to evaluate changes in three-dimensional (3D) parameters and apical transportation, especially in curved canals , Zhao et al. 2014 .
Micro-computed tomography (MCT) has been shown to be an accurate and nondestructive method to evaluate the volume, surface area, cross-sectional shape, taper, the proportion of the prepared surface and other 3D parameters (Peters 2004 . There are several reports on the performance of BR and PTN rotary instruments in curved canals; however, no data are available on the performance and effectiveness of the newly developed GN instruments with hybrid movement (Peters et al. 2000 , 2003 , Larsen et al. 2009 ). Therefore, the aim of this study was to evaluate and compare the canal shaping ability of BR, PTN and GN engine-driven NiTi instrument systems in curved root canals of mandibular molars using MCT. The null hypothesis tested was that there was no difference between the three NiTi systems regarding changes in 3-D parameters, such as the root canal volume, removed dentine, the percentage of uninstrumented canal surface and canal transportation.
Materials and methods

Selection of teeth
After local ethics committee approval (protocol No. EK-2), 30 freshly extracted human mature mandibular first molars were selected and stored in a 0.1% thymol solution until further use. The inclusion criteria were a moderately curved mesial root (10°-20°) according to Schneider's method (Schneider 1971) and two separate root canals and foramina, in which a size 10 K-file (Dentsply Sirona) could be inserted to full WL. The endodontic access cavities were prepared using high-speed diamond burs by the same operator.
Root canal preparation
Apical patency was determined by inserting a size 10 Kfile into the root canal until its tip was visible at the apical foramen under the 109 magnification (OPMI Pico; Carl Zeiss, Oberkochen, Germany). The file was retracted 1 mm, and the WL was thus established 1 mm short of the apical foramen. A glide path was created by scouting a size 15 K-Flexofile (Dentsply Sirona) up to WL. Specimens were then randomly divided into three experimental groups (10 teeth and 20 mesial root canals per group, respectively) according to the instrumentation technique: BR, PTN and GN. Root canal instrumentation was performed according to the manufacturer's instructions using a full sequence of instruments, crown-down preparation technique and in-out movements of the files to the full WL.
BR instruments were used in rotary movement with a rotation speed of 600 rpm and torque of 2. PTN instruments were used in rotary movement with a rotation speed of 300 rpm and a torque of 1 Ncm. The instrumentation sequence was performed using the following instruments: ProTaper Universal SX in the coronal and middle thirds of the root canal and X1 (size 17, .04 taper), X2 (size 25, .06 taper) and X3 (size 30, .07 taper) to full WL. BR and PTN instruments were driven using an 8 : 1 reduction hand piece powered by an endodontic motor (XSmart; Dentsply Sirona).
GN instruments were used in a hybrid rotaryasymmetric reciprocation motion (90°clockwise/30°c ounterclockwise) as follows: OS (size 30, .08 taper) in rotary motion up to two-thirds of the WL whilst size 25, .04 taper and size 35, .04 taper instruments were used initially in asymmetric reciprocation motion to reach the full WL and then switched to rotational movement for the final phase of preparation. The instruments were driven with a speed of 350 rpm and torque of 0.5 Ncm in a Genius â 8 : 1 contra-angle hand piece powered by a Genius â motor (Ultradent Products Inc.) . In all groups, each set of instruments was used to enlarge two root canals of one root and then discarded. Between each preparation step, the instruments were cleaned, and irrigation was performed with 5 mL 3% sodium hypochlorite (NaOCl) in disposable syringes delivered through 31-G NaviTip needles (Ultradent Products Inc.) . A final rinse with 5 mL 18% ethylenediaminetetraacetic acid (EDTA) was delivered for 3 min followed by 20 mL of distilled water. All procedures were performed on a benchtop by the same operator-a trained endodontist.
The root canals were then dried with absorbent paper points and repositioned in the sample holder for postoperative scanning.
MCT scans
The teeth were mounted on a custom attachment and scanned before and after canal preparation using a high-resolution MCT scanner (SkyScan 1173; Bruker-MicroCT, Kontich, Belgium). Pre-and postinstrumentation MCT scans were performed using constant parameters: 110 kV, 50 mA, 1-mm aluminium filter, 180°rotation around the vertical axis with rotation step of 0.18 and an isotropic resolution of 22.8 lm.
Images of each specimen were reconstructed from the apex to the level of the cementoenamel junction using ring artefact reduction factor of 5 and beam hardening correction of 30% with appropriate software (NRecon v.1.6.9, Bruker-microCT), providing axial cross sections of the internal structure of each sample.
Evaluation of the root canal preparation
The pre-and postinstrumentation images were superimposed using DataViewer v.1.5.1 software (BrukermicroCT). The recorded images were processed using CTAn v.1.14.4 software (Bruker-microCT) to calculate quantitative parameters and construct 3-D models. The volume of interest was selected from the furcation region to the apex of each mesial root. The greyscale range required to recognize dentine before and after instrumentation was determined using a density histogram with the global threshold method. Comparisons between the original segmented scan were carried out to confirm the accuracy of the segmentation. Task lists were applied to generate separated binary images of the root canal space and dentine using a custom-processing tool.
The volume of the root canals, the amount of dentine removed and surface area were calculated by subtracting the values for the treated canals from those recorded for the untreated counterparts. Superimposed images of the canals before and after preparation were analysed to evaluate the percentage of the canal wall that was uninstrumented.
Root canal transportation
For analysis of root canal transportation, axial sections corresponding to distances of 3, 6 and 9 mm Shaping ability of 3 NiTi instrument systems Drukteinis et al.
from the anatomic apex were selected. Canal transportation was calculated in millimetres using the formula ([X1 À X2] À [Y1 À Y2]) as described by Gambill et al. (1996) . X1 represents the shortest distance from the mesial edge of the uninstrumented canal to the mesial edge of the root, and Y1 is the shortest distance from the distal edge of the uninstrumented canal to the distal edge of the root. X2 represents the shortest distance from the mesial edge of the instrumented canal to the mesial edge of the root, and Y2 is the shortest distance from the distal edge of the instrumented canal to the distal edge of the root (Fig. 1) . A value of 0 indicated no canal transportation as perceived within the accuracy of the imaging system. A positive value represented mesial transportation, whereas a negative value represented distal (furcation) transportation.
Statistical analysis
The Shapiro-Wilk test was used to assess the normality of the data. Mean and standard deviations were obtained for each group, and one-way analysis of variance (ANOVA) was performed to determine any significant differences amongst groups with SPSS 19.0 (SPSS Inc, Chicago, IL, USA). The Tukey honestly significant difference post hoc test was used to determine any significant differences between the groups; significance was set at P < 0.05.
Results
The results of 3-D analysis are detailed in Table 1 . Comparison between the instrument systems revealed no significant differences between them regarding postoperative changes in the 3-D parameters (P > 0.05).
The results of canal transportation are summarized in Table 2 . The difference in root canal transportation between the BR, PTN and GN groups in the coronal, middle and apical thirds was not significant (P > 0.05).
Overall, preparation of root canals in mandibular molars with BR, PTN and GN instruments resulted in comparable and adequate canal shapes with no major shaping errors. Figure 2 displays 3D volumetric reconstructions of representative specimens in each group.
Discussion
Due to the complexity of internal root canal anatomy the development of new instruments, which are more flexible, more resistant to fracture, and effective in the shaping of root canals, is extremely important (Gutmann & Gao 2012). Previous studies have reported the effectiveness of many rotary and reciprocating systems during the cleaning and shaping of root canals (Peters 2004 , Loizides et al. 2007 , You et al. 2011 , Gergi et al. 2014 . It has been reported that the maintenance of the original canal shape and lack of canal aberrations are associated with the Figure 1 Representative crosssections of superimposed root canals before (red) and after (green) preparation. X1 and X2 indicate the distances between mesial portions of the root and the unprepared and prepared root canals, respectively. Y1 and Y2 represent the distances between the distal portions of the root and the unprepared and prepared root canal, respectively. preservation of tooth structure and greater clinical success rates (Azim et al. 2016 ). The present study compared the shaping ability of three engine-driven multifile NiTi systems (BR, PTN and GN) in the mesial root canals of mandibular molars using MCT technology. The systems varied in terms of the NiTi alloy, number of instruments as well as the type of rotary movement. No studies have compared the effectiveness of the BR, PTN and the recently introduced GN systems on the mesial canals of mandibular molars. The comparison between groups revealed no significant differences regarding changes in the volume of dentine removed, uninstrumented canal area and canal transportation after preparation; therefore, the null hypothesis was accepted.
MCT imaging enables the effects of the root canal preparation to be observed (Peters et al. 2003 , Peters & Paqu e 2011 , Zhao et al. 2013 , Capar et al. 2014 , Gergi et al. 2014 , Pasqualini et al. 2015 due to its nondestructive ability to assess qualitative and quantitative parameters of the root canal preparation in 3-D (You et al. 2011) . Extracted mandibular molars were used because testing endodontic instruments in natural dentine is considered to represent more realistic clinical conditions in comparison with standardized artificial canals (Setzer et al. 2010) due to the properties of the dentine, specific anatomical features of the mesial mandibular root canals which are narrow and curved in two planes, which increases the level of instrumentation difficulty (Berutti & Fedon 1992) .
Despite recent advances and innovations in metallurgy and kinematics, none of the NiTi systems are capable of shaping root canals to the ideal form (Schneider 1971 , Setzer et al. 2010 , Zhao et al. 2014 . Within the limits of the accuracy of the imaging system, instrumentation with BR, PTN and GN left 39.08%, 40.84% and 41.66% of the root canal walls uninstrumented, respectively. These values are consistent with those reported in previous studies in which the uninstrumented areas varied from 9.6% to 47.6% for the entire root canal length (Gambill et al. 1996 , Siqueira et al. 2013 , Zhao et al. 2013 . The results of this study are in agreement with findings of previous studies, which demonstrated that none of the systems, even with significant modifications in design, could prepare all the inner surfaces of curved canals. Although the amount of prepared root canal surfaces and volume of dentine removed, the direction and magnitude of the root canal transportation depend on the root canal anatomy and geometry before instrumentation, and the metallurgic properties, taper, size and cross-sectional design of the instrument as well as an instrumentation technique used for preparation (Gambill et al. 1996 , Paque et al. 2009 .
It has been claimed that instruments with greater tapers are able to prepare a larger surface area of canal walls . However, the results of this study did not confirm previous findings: BR and PTN systems have larger tapers (.06 and .07) in comparison with the GN system (.04). This agrees with another study that reported that degree of taper was not the most important factor determining the ability of NiTi instruments to prepare larger surface areas of canal walls (Paque et al. 2009 ).
However, a greater percentage of uninstrumented canal surface underlines the less-than-ideal shaping ability of conventional and newly developed instruments to prepare the root canal system. These findings emphasize that the key role in chemomechanical preparation depends on irrigation and intracanal medicaments to compensate for the deficiencies of mechanical debridement , Siqueira et al. 2013 .
No obvious procedural errors were detected even though all instrument systems produced some degree of transportation. The results are in agreement with previous findings detailing the magnitude and direction of root canal transportation (Peters et al. 2003 , Loizides et al. 2007 , Capar et al. 2014 , Gergi et al. 2014 . For example, Pasqualini et al. (2015) reported that PTN resulted in a more centred and less invasive preparations in comparison with the BR system. Many studies have shown the negligible effect of rotary NiTi instruments on root canal transportation (You et al. 2011 , Capar et al. 2014 , Gergi et al. 2014 , Zhao et al. 2014 . Zhao et al. (2014) reported that PTN created less apical transportation than the reciprocating WaveOne (Dentsply Sirona) and rotary ProTaper Universal systems, although the three systems shaped root canals in mandibular first molars without significant shaping errors. However, there is no published scientific data regarding the shaping ability of GN instruments; therefore, it was impossible to compare the present findings with previous results. Overall, these newly developed instruments had a negligible effect on root canal transportation and were comparable with the PTN and BR systems. Wu et al. (2000) concluded that apical transportation exceeding 0.3 mm could negatively affect the sealing ability of filling materials. However, the magnitude of root canal transportation remained below this limit for all instrument systems evaluated. Despite the flexibility of the instruments tested, in general, there was the tendency to transport root canals towards the convex or outer portion of the curvature for all file systems.
Extrusion of debris into the periapical tissues may lead to increased postoperative sensitivity or pain and hereby is one of the clinical factors in choosing instruments (B€ urklein & Sch€ afer 2012) . It has been shown that reciprocating files remove less debris from the root canals and extrude more debris periapically in comparison with rotary instruments (De-Deus et al. 2015) . However, the new hybrid GN system combines an asymmetric reciprocation movement to reach the full WL length switching to rotation of the same file at the final step of the shaping procedure. Dual movement of the file hypothetically can allow combining the safety of reciprocation and the efficiency of rotary movement regarding root canal debridement. However, the evaluation of these parameters was not the aim of this study, and more research is needed to confirm this hypothesis.
The evaluation of the root canal shaping ability of the recently introduced GN system was the main objective of this study. The results indicated that even in narrow and curved root canals the newly developed dual-movement reciprocating-rotary system displayed a comparable shaping ability using fewer instruments compared with the more extensively investigated multifile rotary systems.
Conclusion
Within the limitations of this ex vivo study, it can be concluded that the shaping abilities of the BR, PTN and GN NiTi file systems were equally effective; however, none of the instruments were able to prepare the entire walls of the root canal. Overall, shaping procedures using BR, PTN and GN instruments led to the enlargement of the root canal space with no evidence of undesirable changes in 3D parameters and significant shaping errors.
